The amphipod Monoporeia a&is (LindstrGm) exhibits long-term population oscillations in oligotrophic Lake V&tern. Correlation showed profundal oxygen and temperature, and intraspecific and predatory interactions to be poor explanatory variables. Conversely, the interannual variability in food availability-diatom biovolume-was highly correlated with amphipod total density at t + 1 yr and the density of 0' amphipods and growth (amphipod body length in August) of O+, I+, and 2 b generations. Amphipod recruitment success of 0' animals may be an important factor governing long-term population dynamics, and strong 0.' year classes result in greater l+ and 2' population densities. Fish predation, although tentatively not an important population-regulating factor, was negatively correlated with amphipod total body lengths of the I+ and 2.' age classes in May. Size-selective fish predation pressure on juveniles and adults may facilitate coexistence of the 3-yr age classes.
Although it is a generally accepted paradigm that pelagic detrital pulses of autochthonous (phototrophic) material drive profundal zoobenthos production (Brinkhurst 1974; Graf 1989) , in temperate lakes the quantitative importance of trophic coupling between secondary profundal producers and phytodetritus (particularly Bacillariophyceae) is equivocal. Simply put, little is known regarding whether profundal macroinvertebrate growth is supported directly by nutrients in fresh or decaying algae, indirectly via microbial production, or through the utilization of accumulated refractory detrital carbon directly (e.g. Johnson et al. 1989) . A further caveat in understanding the relative importance of detrital algae or bacteria as dietary sources of C for profundal communities is that the food availability varies seasonally. Diatoms, due to a relatively high sedimentation rate and C content per cell, are an important source of C for profundal macroinvertebrates following the sediment deposition of Bacillariophyceae blooms
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We thank the many people involved in this sampling program. Special thanks to E. Will&n for discussions concerning the ecology of diatoms and to Lars Eriksson for measuring Monoporeia length. We also thank anonymous reviewers for their comments and suggestions. (Jonasson 1972; Johnson 1986 ). However, in dimictic, temperate lakes Bacillariophyceae biovolume varies temporally, both seasonally and interannually, making this an unpredictable food resource. Conversely, bacterial C, though quantitatively less important when compared with diatoms, is a more predictable source of C (Johnson et al. 1989; Goedkoop and Johnson 1993) .
It has been postulated that species exposed to an unpredictable food supply should store more energy than those confronted with more uniform food conditions (Slobodkin and Richman 196 1) . In other words, a strong evolutionary linkage might be expected between an unpredictable food source such as pelagic (diatom) production and zoobenthos which can store energy in the form of large quantities of lipids. In Lake Michigan, the nutritional value of particulate matter reaching the profundal has been shown to vary seasonally with the highest flux, of detrital diatoms, in spring . Lipid content of the amphipod Diporeia hoyi (Smith) also varied seasonally in Lake Michigan, with the highest values noted in May following the spring diatom bloom Gauvin et al. 1989) . Moreover, the lipid content of profundal macroinvertebrates varies with feeding behavior. Gardner et al. (1985) showed, for example, that surficial deposit-feeding amphipods and chironomid larvae had overall higher lipid content than subsurface deposit-feeding oligochaetes. The unpredictability of spring diatom blooms, both within-and among-years, together with differences in the lipid content of surficial vs. subsurface deposit-feeding organisms lend support to the hypothesis of Slobodkin and Richman (196 1) . ' Monoporeia a$inis (Lindstrom) (formerly Pontoporeia, see Bousfield 1989) often dominates the profundal benthos of relatively deep northern European lakes. In Sweden's two largest lakes (Vanern and Vattern) it constitutes > 50% of total profundal macroinvertebrate density and biomass (Ah1 and Wiederholm 1988) . During the 17 yr that the benthos of Lake Vanern has been studied, M afinis has exhibited long-term population oscillations. Population densities have ranged between 230 and 2,149 ind. m-2, or -20% to + 187% of the long-term mean. In this study, we have analyzed factors that may be important population-forcing functions for M. afinis in Lake VBnern.
Materials and methods
Lake [12] [13] lO'E) with a surface area of 5,648 km2 is Sweden's largest lake and the fourth largest lake of Europe. The drainage basin of the lake and its outlet (Giita River) combine to constitute 10% of Sweden's total surface area (46,830 km2). The lake is relatively large (volume, 152 km3; retention time, 8.8 yr) , deep (Z,,,,,,, 27 m; Z,,,, 106 m) , nutrientpoor (total P, 1 O+ 2 bg liter-l; soluble reactive P, 3 + 3 pg liter-l), and unproductive (Chl a, 1.8kO.3 pg liter-l; phytoplankton biovolume, 0.15 +0.08 mm3 liter-l) (mean + 1 SD for the years 1973-1989, monthly sampling from May to October). The local geology is dominated by nutrient-poor moraine soils.
Water physicochemical, profundal macroinvertebrate, and phytoplankton samples have been collected from the lake as part of an ongoing long-term ecological monitoring program (since 1973) . At the start of this long-term study, the physicochemical and biological parameters chosen to monitor were studied on a monthly basis (May-October) from 1973 to 1976 at 21 stations evenly distributed over the lake to obtain estimates of short-term temporal and spatial variation (Ahlgren et al. 1978) . During this phase of the study, profundal zooben-. thos sampling was performed with two mesh sizes (300 and 600 pm) to establish the life histories of the predominant macroinvertebrates. Wiederholm (1978) showed that a 600-pm-mesh size is inadequate for spring sampling; however, there were no differences between 300-and 600~pm sieve sizes and the number of amphipods collected in August (Mann-Whitney U-test, P < 0.05).
The profundal zoobenthos community of Lake VZnern is usually numerically dominated by three taxa, the amphipod M. afinis (62% of total densities), followed by Oli- (Wiederholm 1978) . For the purposes of this study, we have used the data set of zoomacroinvertebrate samples taken from three stations in the lake, with depths averaging 55 m (Sta. 5), 70 m (Sta. 7), and 58 m (Sta. 13). All three sites are situated in areas of deposition (Hakanson 1977) and, following the intensive monitoring program mentioned above (Ahlgren et al. 1978) , were deemed representative for the profundal region of this lake. Hence, the bottom fauna samples for M. afinis analysis used here were taken biannually (mid-May and mid-August) from 1973 to 1989 (n = 17 yr). Five replicate samples were taken from each site with an Ekman sampler (256 cm2), washed through a 600~pm-mesh sieve, and preserved in 70% ethanol. The samples were sorted against a black background, at 10 X magnification, and the organisms iden- 
previously determined for this species (Johnson 1987) . Amphipod length was measured to the nearest 0.1 mm from the anterior portion of the rostrum to the tip of the telson, by means of a dissecting microscope fitted with an ocular micrometer.
Monoporeia generations were distinguished by plotting length-frequency histograms ( Fig. 1) . For most years, three age classes (O+, I+, and 2+ animals) could be discerned easily. Mean total body length (mm) of 0+, I+, and 2+ animals in August was used as a measure of amphipod growth.
Water samples for physicochemical and phytoplankton analyses were collected on a monthly basis from May to October. Water temperature ("C) and oxygen concentration (mg liter-') used in the data set consist of the annual mean, minimum, and maximum of monthly samples (1973-l 989) collected at the sediment-water interface with a Ruttner sampler. Phytoplankton (1973 Phytoplankton ( -1989 ) samples were collected from the epilimnion (O-8 m) with a Plexiglas tube sampler, preserved with Lugol's solution supplemented with acetic acid, and analyzed quantitatively (species identified and biovolume estimated, mm3 liter-') with a modification (Hobro and Will&n 1977) of the Utermiihl ( 19 5 8) technique.
Fish abundance data for the years 1973-1989 were obtained from fish-catch statistics provided by the local municipalities. Fish-catch statistics (tonne yr-I) consisted of records provided by licensed, commercial fishermen. Nine fishing boats are registered and licensed to fish in Lake Vanern, with net-fishing being the most common method. The statistics summarized here consist of -15,000 bottom-placed nets per year with a mesh size between 52 and 92 mm (U. Widen pers. comm.). To obtain an estimate of catch-per-unit-effort, we normalized fish catch (tonne yr-l) for the total number of licensed fishermen (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) and the number and total length of nets used (1986) (1987) (1988) (1989) .
Results
Zoobenthos-The density and biomass of M. afinis varied significantly among years and among stations in Lake Vanern (Fig. 2) . No within-station, seasonal differences were found in the numbers or biomass of Monoporeia collected in May and August (ANO-VA; P > 0.05). The finding that May densities are lower than August densities conflicts with the known life cycle of this animal. Young-of-the-year (YOY) Monoporeia are usually released from the marsupium in February-March and length-frequency plots showed no indication of summer reproduction (Fig. l) , so May sampling should result in higher amphipod abundances. The discrepancy between May and August densities indicates that the spring population density is underestimated, presumably due to inadequate sampling methodology (i.e. a 600-pm mesh does not quantitatively retain small 0' life stages) (Wiederholm 1978) . Monoporeia density and biomass were significantly higher (ANOVA; P < 0.05) at station 13 (1,732+212 ind. m-2 and 263&29 mg DW m-2) compared with stations 5 (1,020& 220 ind. m-2 and 155*38 mg DW m-2) and 7 (698&125 ind. me2 and 104+27 mg DW me2) (mean + 1 SE, n = 17). These differences may be attributed to the somewhat more eutrophic conditions prevailing at station 13 (Ahlgren et al. 1978) . For example, although no significant differences were found in total algal biovolume among stations (ANOVA; P > 0.05), maximum Bacillariophyceae biovolume was higher at station 13 (ANOVA; P < 0.01).
Monoporeia afinis populations at the three stations exhibited similar trends in long-term density and biomass oscillations ( (min, 18 km; max, 43 km) indicates that population dynamics are governed by factor(s) operating over relatively large spatial scales.
Habitat-structuring variables-To determine what factor(s) might be potentially important population-forcing functions, we performed cross-correlations between Monoporeia density and growth and selected habitat-structuring variables (profundal temperature and oxygen concentration, and food conditions).
Mean bottom temperature and oxygen concentration showed little variation over the 17 yr of this study (Fig.  3a,b) , although large seasonal variation occurred. Temperature and oxygen concentration averaged (f 1 SE) 5.72+0.12"C (range, 5.17-6.63) and 11.6+0.08 mg liter-l (range, 11.2-l 2.4). Temperature was found to be positively correlated with M. afinis density and total body length (Table   1) . No significant relationships were found between Monoporeia life history and profundal oxygen concentration.
Food availabilitydiatom algal biovolume-was found to be positively related to amphipod density and total body length. This finding indicates that food quality or quantity may be a limiting factor for profundal amphipod production in this oligotrophic lake. Annual surface Chl a averaged 1.8 1 kO.088 pg liter-l, with yearly maxima often coinciding with peaks in algal biovolume (Fig. 3~) M. afinis density and total body length were highly correlated with maximum Bacillariophyceae and May Aulacoseira (formerly Melosira) species biovolumes (Table 1) . In Lake Vanern, the spring diatom bloom is usually dominated by Aulacoseira species (Aulacoseira islandica 0. Mull., Aulacoseira islandica ssp. helvetica 0. MU., and Aulacoseira italica ssp. subarctica 0. numbers were found in the late 1970s and 1980s (Fig. 4a) . Least-squares regression showed that much of the year-to-year variation in total amphipod abundance at a lag response of 1 yr could be explained by AuZacoseira spp. biovolume in May alone (coefficient of determination, R2 = 0.54) (Fig.   4b ). The high correlation with a 1-yr lag response implies that amphipod recruitment may be positively affected. Probable mechanisms are a relatively higher survival of YOY or increased fecundity of adults.
YOY density (r = 0.556, P = 0.02) and total body length (r = 0.663, P = 0.006) were significantly correlated with Aulacoseira biovolume (Table 1, Fig. 5 ), thereby supporting the conjecture that recruitment success may be an important factor governing the long-term population dynamics noted in the lake. Moreover, total body length of 1 I-and 2+ generations was positively cor- 5 ). These findings suggest that years with strong diatom population growth may increase the overall growth and survival (recruitment success) of 0+ generations, resulting in strong 1 + and subsequently 2+ year classes, and reproductive fitness of adult (2+) amphipods. Amphipod l+ and 2+ population densities at t + 1 yr and t + 2 yr, respectively, are significantly correlated with YOY densities (l+, r = 0.696, P < 0.002 and 2+, r = 0.504, P < 0.041) supporting the former conjecture.
The importance of intraspecific, competitive interactions as population regulating factors for M. afinis in Lake Wnern are not supported by inference (Table 1, Fig. 5 ). No significant negative relationships were found between amphipod density and total body length for withinor among-generations (Pearson product-moment correlations; P > 0.05). Paradoxically, the strong positive correlations between 0+ density and total Simply put, in a low-productive environment such as Lake Vat-tern, one would expect intraspecific competition, unless recruitment is affected relatively more than growth. Another potential mechanism may be predation pressure, which keeps population densities below the carrying capacity of the environment.
To determine the importance of recruitment success as a factor governing long-term population oscillations, we calculated the expected recruitment of the 0+ generation and compared it with observed August 0+ densities. M. afinis total body length in May was, with the exception of the 0+ generation, not significantly correlated with Aulacoseira biovolume. Amphipod total body lengths of O+, I+, and 2+ generations in August, on the other hand, were highly correlated with diatom biovolume (Pearson product-moment correlations; r = 0.663, 0.70, and 0.726, respectively, P -C 0.01). The finding that total body length of the 2' generation was positively correlated with Aulacoseira biovolume partially supports the hypothesis that strong diatom population growths may result in increased fitness and reproductive capacity of adult (2+) animals. Furthermore, Monoporeia fecundity is positively related to adult total body length (e.g. Winnell and White 1984) .
To ascertain if YOY densities were related to 2+ fecundity (total body length) in the previous August, we calculated the number of expected offspring with a linear relationship between Monoporeia total body length and fecundity (Winnell and White 1984) . Potential recruitment (i.e. the number of 0+ . Time-series plots of Monoporeia afinis August density (ind. m-*) and total body length (mm) (a-c) and least-squares regression of amphipod total body length regressed against Aulacoseira spp. biovolume (mm3 liter-') in May (d-f) for O+, 1 k, and 2 ' generations, 1973-1989. predicted) was calculated by multiplying the cited by Winnell and White (1984) in their number of 2+ animals with the number of review of the literature. The observed 0' eggs per female. The number of eggs per densities at t + 1 yr in August were posifemale was determined with the equation tively correlated with densities predicted
No. eggs = 5.90 x length (mm) -20.7 (2) (Winnell and White 1984) , assuming that 50% of the 2+ amphipods sampled in August were females.
The predicted number of eggs per female averaged (f 1 SE) 23 k 1.1 (range, 16-3 l), which is similar to the mean number of eggs from 2+ total body lengths (r = 0.622, P = 0.008). Hence the recruitment success hypothesis-that increased mean adult body length at t -1 yr results in a greater number of 0+ offspring-was supported by modeling 0+ recruitment. Predicted recruitment was, however, greater (3.8 X) than observed August 0+ densities, indicating juvenile mortality. The importance of fish predation as a population-forcing function in the lake is equivocal (Table 1) . Three fish species are considered common profundal, bottomfeeders in Lake Vgnern; burbot, Lota Zota (L.), whitefish, Coregonus spp., and ruffe, Gymnocephalus cernua (L.) (Almer 1978) .
Between 1973 and 1989, the catch ofburbot and whitefish has averaged (+ 1 SE) 130 + 4.5 (range, 67-l 39) and 67 +_ 3.9 tonne yr-l (range, 48-l 12) (Fig. 6) . Unfortunately, no catch data are available for ruffe. Normalizing fish-catch statistics for fishing intensity (number of fishermen or the number or the total length of nets used) did not show any negative relationships between fish abundance and amphipod density. However, fish predators may be feeding discriminantly on larger amphipods in spring. Pearson product-moment correlations showed that amphipod total body lengths of l+ and 2' age classes in May were negatively correlated (P < 0.05) with total (r = -0.557 and -0.543, respectively), whitefish (r = -0.497 and -0.509), and burbot (r = -0.471 and -0.300) abundance. No significant correlations were found regarding the total body length of 0+ amphipods in May, or August O+, l+, and 2+ amphipod lengths. These findings suggest that fish predation pressure in spring may be size selective.
Discussion
Studies of marine and terrestrial habitats have shown that many species appear to exhibit long-term population fluctuations (Andersin et al. 1978; Garsd and Howard 198 1; Rose et al. 1986; Edwards and Coull 1987) . Gray and Christie (1983) in a literature review concluded that hydrographic cycles may be an important forcing function for the long-term oscillations noted in marine systems. With regard to zoobenthos, it was postulated that the population fluctuations observed for autochthonous algal production may subsequently affect the benthos, resulting in a similar, but timedelayed response of opportunistic species (Gray and Christie 1983) . Empirical data supporting this conjecture are sparse, however, no doubt because of the paucity of both marine and freshwater long-term ecological data sets.
To our knowledge this is the first time data are presented showing that the zoobenthos of a temperate lake undergoes longterm population fluctuations that are strongly correlated with interannual variability in food-diatom biovolume. Unfortunately, given the paucity of lacustrine longterm ecological data sets (Likens 1983 (Likens , 1989 , it is difficult to evaluate the importance of these findings as isolated events or general, more widespread, ecological phenomena. If profundal communities are food limited, as proposed by Morgan et al. (1980) , then year-to-year fluctuations in autochthonous algal production may ultimately affect profundal benthos communities resulting in similar but time-delayed population responses (as proposed by Gray and Christie 1983 for marine systems). Our findings of M. afinis regressed against Bacillariophyceae biovolume support the profundal food limitation hypothesis of Morgan et al. (1980) and the pelagic-benthic coupling hypothesis of Gray and Christie (1983) .
In Lake VBnern, as in many oligotrophic temperate lakes, the strong spring growth of Bacillariophyceae is followed by community predominance of small nanoplankton species during summer thermal stratification. The majority of phytoplankton production is presumably mineralized in the epilimnion during summer stratification, so the particulate matter reaching the profunda1 sediments is of a refractory nature of poor nutritional quality (e.g. Johnson 1985; Gardner et al. 1989) . Inputs of high nutritional food to the profundal region is thus restricted primarily to the spring and autumn population growth of diatoms, because algal settlement is rapid and pelagic mineralization low. The unpredictability of pulses of diatom detritus to the profundal area, in conjunction with the ability of Monoporeia to store large quantities of energy in the form of lipids, supports a strong evolutionary coupling hypothesis between amphipods and pelagic production.
Correlation showed that among-year variability in diatom biovolume could account for a large percentage of the temporal variation in Monoporeia life history, lending support to this hypothesis. For example, YOY amphipod abundance and total body length were significantly related to the interannual variability of spring diatom biovolume. These findings indicate that recruitment success of 0+ amphipods may be an important mechanism driving the observed long-term population oscillations of Monoporeia in Lake V&tern. The finding that diatoms are important for amphipod life history supports earlier qualitative (Jonasson 1972) and quantitative (Johnson et al. 1989 ) studies. Moreover, Bacillariophyceae carbon (Aulacoseira spp.) was recently shown to be quantitatively more important than bacterial carbon in the diet of a profundal detritivore (Johnson et al. 1989) . Diatom, phytodetrital inputs to the profundal may be a key forcing function for the yearto-year population dynamics of M. afinis in oligotrophic Lake VZnern.
Monoporeia density-dependent interactions were evidently not important population-regulating factors according to the correlative analyses performed here-a finding that conflicts with earlier studies of this species. Monoporeia growth has been shown to be strongly negatively correlated with conspecific density and biomass (Sarvala 1986; Johnson and Wiederholm 1989) . Furthermore, microcosm studies have shown strong, density-dependent effects on amphipod growth and mortality (e.g. Hill 199 1; Johnson unpubl. data). However, both Hill (199 1) and Johnson (unpubl.) found that laboratory densities were higher than the ambient densities found in Lake V%-net-n. Low in situ densities may result in weak exploitative interactions in spring when food is abundant, i.e. the relationship between food availability and Monoporeia density may be nonlinear at high food levels. Thus, the temporal variability in food supply to the profundal region may result in an overabundance of food (phytodetritus) in spring and low food levels (microbial carbon) during much of the remainder of the year.
The importance of fish predation as a mechanism regulating population is unclear. McDonald et al. (1990) showed that years when bottom-feeding fish dominated in Lake Michigan coincided with declines in D. hoyi densities. In Lake Vtinern, burbot (L. lota) and whitefish (Coregonus spp.) are two of the predominant predators on Monoporeia (Almer 1978) . During the 17 yr of this study, no significant negative correlations were found between these potential predators and Monoporeia density. However, negative relationships were found bctwcen amphipod total body lengths of l+ and 2+ generations in May and fish predators (burbot and whitefish). These findings support the work of McDonald et al. (1990) , who also found a decrease in the occurrence of large amphipods (D. hoyi) with increased fish predation. Size-selective predation may be a mechanism facilitating coexistence of the different age classes.
Our preceding arguments support the conjecture that M. afinis populations in Lake VZnern are intimately coupled with pelagic-diatom production. Caution should bc applied, however, in extrapolating these findings to other systems. The apparent strong pelagic-benthic coupling inferred for Monoporeia in the lake may be partially dependent on other covariables. For example, the relatively low profundal temperatures and high oxygen levels should presumably result in low metabolic rates. Low metabolism combined with the ability of Monoporeia to store energy in the form of lipids are two factors that may be necessary for a strong coupling between the unpredict-ability of spring diatom production and invertebrate life history. Hence a strong pelagic-benthic coupling might be expected in relatively deep (cold), nutrient-poor (abundant oxygen) systems (cf. Gardner et al. 1990 ).
